Human serum high-density lipoprotein (HDL) is necessary and sufficient for the short-term maintenance of Plasmodium falciparum in in vitro culture. However, at high concentrations it is toxic to the parasite. A heat-labile component is apparently responsible for the stage-specific toxicity to parasites within infected erythrocytes 12-42 h after invasion, i.e. during trophozoite maturation. The effects of HDL on parasite metabolism (as determined by nucleic acid synthesis) are evident at about 30 h after invasion. Parasites treated with HDL show gross abnormalities by light and electron microscopy.
Plasmodium falciparum is the most pathogenic species causing human malaria. Erythrocytes become infected following attachment and invasion by merozoites. Various phases of parasite development can be observed during the 48-h erythrocytic cycle (Freeman & Holder, 1983) i.e. rings (1-20 h) ; trophozoites (21-32 h) ; schizonts (33-48 h). Schizont rupture results in the release of daughter merozoites infective for erythrocytes. As many as 32 daughter merozoites can be produced within the schizont (Kwiatkowski & Nowak, 1991) . However, the efficiency of replication may be determined by the environment within the circulation and at sites of sequestration of infected erythrocytes. Mediators of the innate and acquired immune system, fever, competition for erythrocytes of the optimum maturity as well as physical parameters related to the invasion of erythrocytes in the circulation, may all affect the efficiency of parasite replication and re-invasion (Bruce & Day, 2000) .
It is possible to investigate the erythrocytic cycle in an in vitro culture system developed by Trager & Jensen (1976) . In this culture system the parasite grows in 5-10 % human serum in an atmosphere of low oxygen tension. During adaptation of new isolates of P. falciparum to in vitro culture, not all non-immune human sera allow adequate replication of the parasite and occasionally lethal batches of sera have been identified (K. P. Day, unpublished observations) .
P. falciparum cultured in vitro has a requirement for HDL within the growth medium, although it has been reported that HDL can be toxic at high concentrations (Grellier et al. 1991 ). Here we report on our own findings into the effects of HDL on P. falciparum in vitro.
M A T E R I A L S A N D M E T H O D S

HDL purification
The HDL fraction of human serum was prepared by ultracentrifugation and dialysis against phosphatebuffered saline containing 0 . 3 mM EDTA (PBS-E), according to the method of Hajduk et al. (1989) . Freshly collected human blood was used to prepare 200 ml of serum. Intact serum was adjusted to a density of 1 . 063 g/ml with sodium bromide and low density lipoprotein and chylomicrons (density f1 . 063 g/ml) were removed by flotation. The HDL and protein-rich fraction was adjusted to 1 . 26 g/ml with sodium bromide and following ultracentrifugation, the fractions of density f1 . 26 g/ml (HDL2, HDL3 and VHDL) and of density >1 . 26 g/ml (i.e. the majority of non-lipid plasma proteins) were collected. The HDL, LDL and protein-rich fractions were dialysed and concentrated and their protein content was determined by spectrophotometry and equalized in each by addition of PBS-E as necessary. HDL, LDL and protein-rich fractions were heattreated by maintenance at various temperatures (0, 37 and 50 xC) for 45 min.
P. falciparum cultivation and growth inhibition assay
Isolates and cloned lines of P. falciparum were cultured according to the method of Trager & Jensen (1976) as modified by Day et al. (1993) at 5 % haematocrit. The parasites were synchronized by ' plasma gel ' selection (Pasvol et al. 1978) in one cycle and sorbitol treatment (Lambros & Vanderburg, 1979) in the next cycle. These sorbitol-treated, ring-stage parasites were used to set up 250 ml cultures at 1 % parasitaemia in 24-well plates (unless otherwise stated). When cultures were at the mid to late ring stage (12-18 h post-invasion), the parasites were transferred to RPMI 1640 medium (without serum) and HDL, LDL, protein-rich fractions or equivalent volumes of PBS-E were added to the complete medium to give final concentrations of 0-4 mg/ml of protein. The experiment was performed in triplicate. The maximum test volume added was variable according to batches of HDL but never exceeded 16 ml. Media were replaced every 24 h with fresh aliquots of RPMI 1640 containing HDL etc. Parasitaemia was assessed following parasite re-invasion, 60 h after addition of HDL ; infected erythrocytes were labelled with ethidium bromide, cultures were then fixed with 0 . 5 % paraformaldehyde and parasitaemia determined using flow cytometry (Piper, Roberts & Day, 1999) . This experiment allowed assessment of the ability of the different fractions to support parasite growth. In similar experiments the toxic effect of HDL in the presence of human serum was investigated ; synchronous 12-18 h parasites were cultured in complete medium (RPMI 1640 medium supplemented with 5 % human serum, previously screened to support parasite growth) with additional HDL, LDL or protein-rich fraction. After 24 h the medium was removed and replaced with fresh complete medium which did not contain HDL etc. These experiments were performed with 8 different preparations of HDL taken from different individuals. Nucleic acid synthesis during trophozoite maturation was assessed by measurement of 3 Hhypoxanthine uptake by parasite cultures (Desjardins et al. 1979) using the ' Filtermate' cell harvester and ' Topcount NXT ' scintillation counter (PerkinElmer). This experiment was performed in duplicate using three different preparations of HDL. Visual determination of parasite health was made at various time-points following addition of HDL using both light microscopy of Giemsa-stained cells and electron microscopy.
Light and electron microscopy of infected erythrocytes
Cultures of P. falciparum infected erythrocytes in complete medium were divided into aliquots at the late ring stage (12-18 h after invasion) and treated with HDL (1 . 44 mg of protein/ml) or an equivalent volume of PBS-E (control). The cultures were maintained for 30 h, the HDL being removed with the culture supernatant and replaced with fresh complete medium. Thin smears were prepared at various time-points, fixed with methanol and stained with Giemsa's stain. The samples for electron microscopy were prepared 24 h after addition of HDL (2 . 5 mg of protein/ml). The samples were fixed in 2 . 5 % glutaraldehyde in 0 . 1 M cacodylate buffer. The cells were post-fixed in 1 % osmium tetroxide, dehydrated in ethanol, treated with propylene oxide and embedded in Spurr's epoxy resin. Thin sections were stained with uranyl acetate and lead citrate prior to examination in the JEOL 1200EX transmission electron microscope. For quantification, a random sample of 100 infected erythrocytes was examined and placed into 1 of 3 groups ; early stages which comprised rings up to early trophozoites ; late stages comprising mid-trophozoites to mature schizonts and dead parasites exhibiting features consistent with irreversible degeneration (loss of membrane and organellar integrity). This was repeated a minimum of 4 times for separate blocks from each sample.
R E S U L T S
Varying amounts of HDL, LDL or protein-rich fractions were added to P. falciparum ring-stage cultures (12-18 h post-invasion) in the absence of whole human serum. The culture medium was replaced every 24 h with fresh RPMI and ultracentrifugation fractions and, after 72 h, the parasitaemia in each culture was determined. HDL at a concentration of 0 . 75 mg/ml supported growth of parasites in the absence of whole serum, whereas at a concentration of 3 mg/ml there were virtually no normal parasites, as assessed by light microscopy. LDL at equivalent protein concentration did not support parasite growth in the absence of serum and the protein-rich fraction of serum supported some growth at high concentration (Fig. 1A) . Slight batch variation in the toxicity was evident with different HDL preparations (data not shown).
In order to determine whether the HDL toxicity was evident in the presence of normal human serum, various concentrations of HDL were added to ringstage cultures (12-18 h post-invasion) in medium containing 5 % human serum and then removed from the cultures after 24 h, at mid-schizont stage (36-42 h post-invasion). Thereafter cultures were maintained with 5 % serum (without HDL) until reinvasion had occurred. Fig. 1B shows a doseresponse curve where HDL containing 2 . 4 mg/ml of protein reduced parasitaemia by 95 % in the cycle after treatment. LDL and protein-rich fractions had no effect on parasite growth in the presence of 5 % serum (data not shown). Data are presented in Fig.  1B for passages of the recently-adapted isolate Muz 37, although similar results were obtained for isolates 1776, Muz 106 and the long-term established isolate 3D7 (data not shown).
The toxic factor was found to be heat-sensitive. In cultures containing 5 % normal human serum, the toxic effect of HDL at 3 mg/ml was unaffected by prior heat treatment at 0, 37 or 50 xC for 30 min, but its toxicity was completely destroyed by heating HDL to 60 xC for 30 min (Fig. 1C) . In fact, heat treatment rendered this previously toxic concentration of HDL (3 mg/ml) capable of supporting parasite maturation and re-invasion in a serum-free system (data not shown). Heat treatment of HDL at 70 xC caused the fraction to solidify. Heat-treatment of the protein-rich fraction at 37, 50 and 60 xC did not affect its ability to support parasite re-invasion in a serum-free system, although temperatures of 70, 80 and 90 xC reduced (but did not completely abrogate) the capability of this fraction to support re-invasion.
In order to determine which life-cycle stages were sensitive to the toxic effect of the HDL, this fraction was added to cultures at different times. The presence of HDL (3 . 2 mg/ml) in cultures between 12 and 42 h post-invasion (i.e. during trophozoite maturation) prevented parasite replication. When HDL was added to late schizonts (42-48 h post-invasion) and was present during schizont rupture and merozoite release (removed 6-12 h after re-invasion), there was no reduction in re-invasion and growth in the following cycle. This indicates that schizonts and free merozoites were not sensitive to the toxic effects of HDL (data not shown).
Further evidence of the sensitivity of trophozoites to HDL was determined by incorporation of 3 Hhypoxanthine. Cultures treated with 2 . 0 mg/ml parasites at a parasitaemia of 1 % were cultured in 5% NHS with various concentrations of HDL (expressed as mg/ml of protein) for 24 h. Parasites were then maintained in 5% serum until re-invasion had occurred, at which time the percentage parasitaemia in each culture was determined by flow cytometry. HDL in the presence of serum reduced parasite re-invasion. (C) HDL was heat treated at 0, 37 or 50 xC for 30 min, then added to parasites at toxic concentration (3 mg/ml protein) for 24 h and parasitaemias determined after re-invasion. Toxicity was abrogated by treatment of HDL at 50 xC.
HDL protein at the late ring stage demonstrated approximately 70 % inhibition of incorporation of 3 Hhypoxanthine 24 h after addition of HDL (Fig. 2) . Samples were taken every 3 h and the amount of labelled hypoxanthine incorporated into the parasites was determined. At 15 h after the addition of HDL (that is, approximately 30 h after erythrocyte invasion), a reduction in hypoxanthine uptake in the HDL treated parasites compared with controls was evident and this was obvious after 33 h. Thus, the toxic effect of HDL occurred within a single growth cycle, confirming that trophozoite maturation was affected.
Light microscopical examination of smears was used to assess parasite growth and development when the HDL fraction was present in cultures during trophozoite maturation at a concentration of 1 . 44 mg/ ml. Cultures were maintained for 30 h, thin smears being prepared at various time-points and treated with Giemsa's stain (Fig. 3A) . No obvious changes in parasite development were observed 12 h post-HDL treatment. The detrimental effects of this treatment were observed after 18 h (i.e. in erythrocytes 30-36 h post-invasion). The parasitaemia was reduced by 50 % suggesting that either there was some loss of parasites from erythrocytes, there was loss of infected erythrocytes or that parasites became undetectable within the erythrocytes. The remaining trophozoites were unhealthy compared with controls as determined by reduced size, irregular shape, increased staining density and presence of haemozoin outwith the food vacuole. The proportion of unhealthy trophozoites continued to increase 24 and 30 h after addition of HDL. At 30 h the control parasites had formed mature schizonts. The treated parasites looked shrunken and densely coloured (Fig.  3B ). Susceptibility to the toxic effect of HDL was thus detectable during trophozoite maturation.
The toxic effect of HDL on parasite development was also examined by electron microscopy 24 h after its addition to ring-stage cultures (36-42 h after erythrocyte invasion) at sublethal concentration (1 . 44 mg/ml). In buffer-treated control samples, the majority (approximately 70 %) of infected erythrocytes contained parasites at the mid to late trophozoite stage with a few early and mature schizonts. A typical example of a segmenting schizont with merozoite buds is shown in Fig. 4A . Relatively few early stages (approximately 20 %) and dead parasites (approximately 7 %) were observed (Fig. 4C) . The live parasites contained a large nucleus or multiple nuclei, rough endoplasmic reticulum, ribosomes, simple mitochondria and large food vacuoles, which contained a few loosely packed pigment crystals. In contrast, dead cells were characterized by the loss of membrane and organellar integrity. In addition, the infected erythrocytes exhibited numerous knobs (essential for adhesion) at the erythrocyte surface (Fig. 4A) . In contrast to the control parasites, the HDL-treated samples contained low numbers of infected erythrocytes and these contained predominantly early trophozoite stages (approximately 60 %) (Fig. 4B ) or dead parasites (Fig. 4B, insert) . Very few late trophozoite stages (approximately 3 %) were observed (Fig. 4C) . The parasites were small, containing a single nucleus and no large food vacuoles were observed, although a number contained pigment crystals in tight fitting vacuoles. The majority of infected erythrocytes possessed none or few knobs (Fig. 4B) . The dead parasites were characterized by having either electron-lucent cytoplasm with disrupted membranes or were electron dense with loss of cytoplasmic detail, although clumps of pigment could be identified (Fig. 4B, insert) . The number of dead parasites was related to the HDL concentration.
D I S C U S S I O N
Our results show that at relatively low concentrations (0 . 75 mg/ml protein) the HDL fraction of human serum is able to support parasite growth and reinvasion in a serum-free system. However, at higher concentrations (2 . 4 mg/ml protein), the HDL is toxic to the parasite, causing grossly abnormal maturation and death of trophozoites. This coincides with the time (24-38 h post-invasion) when maximum uptake of labelled phosphatidylcholine from HDL occurs (Grellier et al. 1991) . Differences in the results presented for light and electron microscopy and for flow cytometry are probably due to batch variation. Concentrations of HDL are given as mg/ml Late ring-stage parasites at a parasitaemia of 1% were cultured in 5% NHS with 3 H-hypoxanthine and various concentrations of HDL (expressed as mg/ml protein) for 24 h. Cells were then harvested and incorporation of radioactive hypoxanthine into parasite nucleic acid was determined by scintillation counting (expressed as counts per minute ; CPM). The presence of HDL in the medium reduced nucleic acid synthesis in a dose-dependent fashion.
of total protein, however, there may be individual variation in the active components within HDL. The toxic effect of HDL was destroyed by heating at 60 xC for 30 min, and in fact, HDL treated thus was then able to support parasite growth in serumfree medium. This would suggest that the parasitebeneficial and parasite-toxic effects are mediated by different components within the HDL fraction. The protein-rich fraction of human serum was also shown to support parasite growth, although to a lesser extent than the HDL fraction in these experiments.
The requirements for parasite growth in vitro have been investigated by others. The need for phospholipid uptake was suggested by Grellier et al. (1991) who found that human HDL could support parasite growth in the absence of serum. Radioactive and fluorescence-labelling of phosphatidylcholine (PC) suggested that P. falciparum parasites take up phospholipid in a stage-specific manner (Grellier et al. 1991) . Others have shown that trophozoites possess alternative transport pathways for the direct acquisition of intact phospholipid from the extraerythrocytic medium. For example, in uninfected erythrocytes PC remains within the outer leaflet of the erythrocyte membrane, whereas in infected cells PC is translocated across the erythrocyte membrane and thence to the parasite ; a process which is energydependent and protein-mediated. In addition, a putative phosphatidylethanolamine transfer protein has been cloned.
Recent findings, however, would suggest that the Plasmodium genome contains genes encoding enzymes of phospholipid metabolism, allowing de novo synthesis of PC via the Kennedy pathway and necessitating only the uptake of the small choline molecule (reviewed by Vial et al. 2003) . Biosynthetic pathways also exist for phosphatidyl serine and from these basic phospholipids, others can be synthesized (Vial et al. 2003) . In addition, the genome of P. falciparum contains genes similar to those of type II fatty acid synthesis pathways. The protein products of these genes are located within the apicoplast and allow for the production of fatty acids, some of which are unique to the parasite (Vial et al. 2003) . Thus the parasite may be able to meet many of its lipid requirements from its own biosynthetic pathways, although some extracellular lipids are necessary for in vitro growth. Mitamura et al. (2000) have shown that parasites can be maintained in serum-free medium supplemented with only bovine serum albumin and a pair of fatty acids ; one saturated and one unsaturated, palmitic and oleic acids being the best combination. Albumin is a lipophilic protein which acts as a lipid carrier and is found in both HDL and protein fractions. This may explain why the proteinrich fraction of serum can support parasite growth in our system. The mechanism by which the parasite could acquire fatty acids from albumin is not known. It has been suggested that albumin is taken up by the parasite since biotinylated and iodinated albumin was detected in the parasite pellet following saponin lysis (Tahir, Malhotra & Chauhan, 2003) . However, whilst we have been able to obtain similar results using biotinylated albumin, FITC-labelled albumin was found to be bound only to parasites within damaged or ghosted erythrocytes (unpublished observations).
The results presented here confirm that both the HDL and protein-rich fractions of serum support parasite growth and re-invasion and this may be due to uptake of lipids from different components present within the two fractions or due to albumin present in both fractions. It is possible that both apolipoprotein A-I and albumin act as carrier molecules for transfer of lipid to the parasite, parasite-derived docking proteins allowing interaction between erythrocyte surface and the extracellular medium.
The toxic effect of HDL would seem to reside solely within the HDL fraction and to be distinct from the parasite-beneficial effects of HDL. The toxic component may be a heat-sensitive protein component of HDL and future work will concentrate on identifying the nature of this molecule. The catastrophic effects on the parasites growth and morphology make it difficult to speculate as to the action of the toxic moiety. Given that it is found within the HDL fraction, it is possible that it may in some way interfere with the uptake of lipid by the parasite. Fitch, Chen & Cai (2003) have shown that linoleic acid may be necessary for the dimerization of ferriprotoporphyrin IX, the initial step in the production of haemozoin. In HDL-treated parasites the production of haemozoin would seem to have been disordered since no large food vacuoles were observed and, although pigment crystals were visible in some parasites, they were contained in abnormal tightfitting vacuoles. Our further investigations will try to define the identity and mechanism of action of the toxic component of HDL. 
